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Third Semi-Annual Progress Report (7/16/94-2/15/95)

Project Title: The Development of a Normal Incidence High Performance

p-Type Strained Layer Ing3Gag7As/Ing5,Alp 48As Quantum Well
Infrared Photodetectors

Program Manager: Max N. Yoder, Office of Naval Research, Code 3140, Arlington, VA.

Principal Investigator: Sheng S. Li, Professor, University of Florida, Gainesville, FL.

Student : Jerome T. Chu

Project Objective:

The objective of this project is to perform theoretical and experimental studies of dark cur-
rent, photocurrent, optical absorption, spectral responsivity, noise, and detectivity for the
normal incidence strained layer p-type III-V compound semiconductor quantum well infrared
photodetectors (QWIPs) developed under this program. The material systems under inves-
tigation include InGaAs/InAlAs on InP substrates and GaAs/InGaAs or AlGaAs/InGaAs
on GaAs substrates. The project will study the usage and effects of biaxial tension and

compressional strain on the material systems and their effects towards photodetector design.




I. Introduction

During the period of July 15, 1994 to February 15, 1995, significant progress has
been made towards the design, fabrication, and characterization of strained layer p-type
InGaAs/InAlAs on InP, GaAs/InGaAs on GaAs, and InGaAs/AlGaAs on GaAs quantum-
well infrared photodetectors (P-QWIPs) in the 8-14 ym range for staring focal plane arrays
(FPAs). Specific tasks performed during this period include: (i) the continuing characteri-
zation and analysis of a normal incidence strained-layer p-type InGaA/GaAs QWIP on an
GaAs substrate formed by molecular beam epitaxy (MBE) with a dual peak detective wave-
length at 8.9 ym and 8.4 ym in the long wavelength infrared (LWIR) regime and a 5.5 ym
peak in the mid-wavelength infrared (MWIR) band, (ii) the design, growth, fabrication, and
characterization of a normal incidence strained-layer p-type AlGaAs/InGaAs QWIP on a
GaAs substrate with a peak long wavelength infrared (LWIR) detective wavelength at 7.5
pm and a mid-wavelength infrared (MWIR) detective peak at 5.5 um, with extremely low
dark currents. The following sections of this report will cover the technical results of the
study during this reporting period and the research accomplishments and publications so

far. A summary of the complete study is listed at the end of this report in table 1.

II. Technical Results

2.1 Research Accomplishments and Publications

1. The design, growth, fabrication, and characterization of a compressively strained p-
type InGaAs/GaAs QWIP on a GaAs substrate with peak wavelengths of A,; = 8.9 ym
and A3 = 5.5 pm. Maximum responsivities of 93 mA /W and 30 mA /W were measured

for each respective peak wavelength at 75 K. BLIP performance was achieved in the
8-14 pm long wavelength infrared (LWIR) detection band at 70 K and under 0.3 V of
applied bias.

2. The design, growth, fabrication, and characterization of a dual strain InGaAs/AlGaAs
P-QWIP on a GaAs substrate with a peak wavelength of 7.5 ym and a mid-wavelength
infrared (MWIR) peak at 5.5 um. Very low dark current densities for this device were




, |

measured at 77 K. Maximum responsivities of 40 mA/W and 8 mA /W were measured

for each respective wavelengths at 77 K under an applied bias of +5.0 V with operation
at up to 85 K possible under moderate bias (< 2 V) BLIP performance was achieved
both detection bands at-63 K within the applied bias range of -2.7 V to 3.0 V.

A. Journal Papers:

1. Y. H. Wang, S. S. Li, and J. Chu and Pin Ho, "An Ultra-low Dark Current P-
type Strained-layer InGaAs/InAlAs Quantum Well Infrared Photodetector with Back-
ground Limited Performance (BLIP)” Appl. Phys. Letts, Feb. 7 issue, 1994.

2. Y. H. Wang, S. S. Li, and J. Chu and Pin Ho, "A Normal Incidence P-type Com-

pressive Strained-Layer InGaAs/GaAs Quantum Well Infrared Photodetector for Mid-

- Wavelength Infrared (MWIR) and Long-Wacelength Infrared (LWIR) Detection” J.
Appl. Phys., accepted, July 1994.

B. Conference Presentations:

1. S. S. Li, J. Chu, and Y. H. Wang, ”A Normal Incidence P-type Strained Layer In-
GaAs/InAlAs Quantum Well Infrared Photodetector with Background Limited Per-
formance at 77 K”, presented at the 1994 SPIE symposium, Orlando, FL, April 4-8,
1994.

2. Pin Ho, Y. H. Wang, S. S. Li, and J. Chu, "MBE Growth of P-type Strained-layer
InGaAs/InAlAs QWIPs”, presented at the 1994 14th North American Conference on
Molecular-beam Epitaxy, Urbana-Champaign, IL, October 10-12, 1994.

3. Y. H. Wang, J. Chu, S. S. Li, and Pin Ho, ”A Normal Incidence P-type Compressive
Strained-Layer InGaAs/GaAs Quantum Well Infrared Photodetector”, 2nd. Interna-

tional Conference on 2-20 yum Wavelength Infrared Detectors and Arrays, Miami Beach,
FL, October 9-14, 1994.

4. S.S.Li, Y. H. Wang, and J. Chu, ” A New Class of Normal Incidence Strained-Layer III-
V Quantum Well Infrared Photodetectors”, presented at the 1994 LEOS Conference,
Boston, MA, October 31-November 3, 1994.
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2.2 P-QWIP Operation and Design Theory

With the advent of advanced molecular beam expitaxial technologies in the last few
decades, device structures utilizing heterostructure quantum wells have been heavily ex-
plored. N-type quantum well infrared photodetectors (QWIPs) have been extensively studied
in the recent years!~2?8. These systems use GaAs/AlGaAs and InGaAs/InAlAs structures
for detection in the 3 - 5 ym mid-wavelength infrared (MWIR) and 8 - 14 pm LWIR at-
mospheric transmission windows. Since n-type GaAs/InGaAs and InGaAs/InAlAs QWIPs
have inherently low electron effective masses and high electron mobilities, they offer excel-
lent infrared (IR) detection properties. Due to the quantum mechanical selection rules which
prohibit normal incidence intersubband absorption, focal plane arrays (FPA) using n-type
QWIPs must use either metal or dielectric gratings to couple normal incidence IR radiation

12=%, In contrast, because of the mixing between the light hole and

into the quantum wel
heavy hole states under either biaxial tension or compressional strain, normal incidence illu-
mination is allowed for the intersubband transition in p-type QWIPs; thus eliminating the

need for metal or dielectric grating couplers.

2.2.1 P-QWIP Physics
2.2.1.1 Strained Layer Growth Limitations and Theory

P-type QWIPs using valence intersubband transitions have been demonstrated®=7 in
lattice-matched GaAs/AlGaAs and InGaAs/InAlAs material systems. In general, intersub-
band transitions excited by normal incidence radiation in p-type quantum wells are allowed
since a linear combination of p-like valence band Bloch states exists, which provides a nonzero
coupling between the normal radiation field and valence band Bloch states. The strong
mixing between the heavy hole and the light hole states greatly enhances intersubband ab-
sorption. The drawback of using lattice-matched systems is the fact that the intersubband
transition occurs between the heavy hole ground states and the upper excited states. Be-
cause of the relatively large heavy hole effective mass when compared to the electron effective

mass, relatively weak absorption and therefore similarly low responsivity is predicted in the

-4-




IR wavelength range when compared to n-type QWIPs. In order to increase the absorption

characterisitics and responsivity of P-QWIPs, biaxial stress is introduced into the well layers
of the QWIP structure. If the intentionally introduced biaxial stress between the well layers
and the barrier layers contained in the layer thickness (the total thickness of the wells and
barriers) in the P-QWIP structure is less than the critical thickness, then pseudomorphic
or coherent heterointerfaces can be grown without the introduction of defects between the
layers. Based upon the force balance model®?*=3°, the equilibrium critical layer thickness,
L., for an epilayer with the lattice constant, a, grown on a substrate with a lattice constant,

as, is given as

1= () hene [ »

where h is the epilayer thickness, O is the angle between the dislocation line and the Burges’
vector, « is the angle between the slip direction and the layer plane direction, §, is the
lattice-mismatch or the in-plane strain, and v is the Poisson ratio. §, is defined as 6, = (a, -
a)/a where §, > 0 for tensile strain and §, < 0 for compressive strain. Similarly, v is defined

as v = -Cy3/Cq1. C;;’s are the elastic constants and can be found in reference 9.

The strained-layers have the same effective in-plane lattice constant, a (i.e., asy), and
can store the excess energy due to the elastic strain within the layers. The in-plane lattice
constant, ajj, can be expressed by®

o =a [1 +6,/ (1 + 22)] , (2)

where a;; and L, ; are the individual layer lattice constants and thicknesses, respectively,
and £;; are the shear moduli as described by ¢ = (Cy; + Cya - 2C%,/Cyy), where the C;;’s

are elastic constants for the strained material. §, denotes the lattice mismatch between

layers and a;; are the lattice constants of the strained well and the substrate (or barrier)
respectively. When aj # a,, the coherently strained superlattice structure is no longer in
equilibrium with the substrate. If the lattice constant of the barrier layers is equal to that of
the substrate, the the strain will be completely accomodated in the well layers with no strain
in the barrier layers. However, Hull et al.?? showed that if the individual layers thicknesses in
the superlattice is less than its critical thickness, even though aj # a,, the loss of coherence

only occurs at the interface between the whole superlattice and the substrate, while the




superlattice itself remains coherent.

2.2.1.2 Strain Induced Energy Band Shifts

If the QWIP structure is grown along the [100] direction and the strained-layer is within
the critical thickness, L., then a pseudomorphic or coherent heterointerface can be obtained

and the components of the strain tensor [e] are simplified to the expressions given by

€z = €y = €| (3)
2C54

2z — 4

€ e|| ( 011 ) ( )

€y = €yz = €z = 0. (5)

In addition to altering the physical parameters of the QWIP, lattice strain can also
induce energy band shifts, which can be used to alter the absorption characteristics of the
QWIP. The strain induced energy band shifts for the conduction band, the heavy hole
subband, and light hole subband can be approximated as follows.

Cll - 012

AE, = 2¢, 2215 (6)
Cn
AEw = bwgo _ (7)
Cn
_ (AE)?
AEy = —AFEp+ A (8)

where c; is the combined hydrostatic deformation potential which characterizes the splitting
of the I's valence band under strain and b is the shear deformation potential and A, is the
spin orbit split-off energy®. The total hydrostatic deformation potential (c; + V,), where

V, is the valence band deformation potential, can be expressed by!°

1 dE°
a+V,= —5(011 + 2012)d—Pg, 9)
where dE? /dP is the unstrained energy bandgap change with respect to the unit pressure.
The effect of strain on the energy band structure results in the splitting of the heavy

hole and light hole band at the valence band zone center'! (i.e., the in-plane wavevector k;

‘= 0), which is degenerate in the unstrained case. When tensile strain is applied between

12-14

the quantum well and the barrier layers along the superlattice growth z-direction, the

strain can push the light hole levels upwards and pull the heavy hole levels downwards. We

-6 -




can therefore expect that heavy hole and light hole states can be inverted at specific lattice
strains and quantum well thicknesses. This phenomena will in turn cause the intersubband
transitions in a QWIP structure to take place from the populated light hole ground state to
the upper energy band states. Since the light hole has a small effective mass (comparable
to the electron effective mass), the optical absorption and photon responsivity in p-type
QWIPs can be greatly enhanced, as a result of introducing strain in the quantum well. In
addition to the utilization of the light hole states for their small effective masses, etc., certain
heavy hole states under compressional strain may also have similar characteristics, like high
mobilities, small effective masses, and long mean free paths; which in turn favorably alter
the intersubband absorbtion and transport characteristics, as shown by Hirose, et al.3!. This
is achieved by distorting the heavy hole valence band at and near the zone center via the

introduction of compressional strain.

2.2.1.3 Energy Band Calculations

To calculate the locations of the energy subbands, we can use the transfer matrix method
(TMM)*31% based on the eight-band k - p model. This model is represented by the Luttinger-

Kohn Hamiltonian!®-17, H,, which describes the unstrained semiconductor.

where i
[ Hy, Hyy Hys Hy
Hy,y H,», H,3; H.
0 21 Hze Hyz Hy (11)
Hsy Hs; Hsz Hsy
| Hy Hy Hys Hy |
with:

Hy = 2052 4 §2) 4 250 p?
Hyp = 2302 (k2 + K?2) 4 1222
Hy; = i\/§73(kz —tky)k,
His = 23(k2 - k2) - iv/3yak.k,
Hy; = H7, Hy; = H}, H,y = Hy3
Hzy = Hyo H;, = HY, H; = HY,

-7-




Hyy=Hy3s=H3y=Hyy =0

and V(z) is a step function where V(z) vanishes inside the well layers and equals V, in the
barrier layers. The effect of strain is included by adding the Pikus-Bir Hamiltonian'®, H,, to
the general Luttinger-Kohn Hamiltonian. As shown below, the strain Hamiltonian for the

well material is a diagonal matrix.

[ _AE, — AE;, 0 0 0
0 —AE. + AE 0 0
H = 25 (12)
0 0 —AE.+ AFEy;, 0
| 0 0 0 AEC + AEhh ]

Using the aforementioned techniques, we can numerically calculate the energy of the zone-
center valence subband levels as a function of well width for any material system under tensile

or compressional strain and also determine the change in the valence subband structures.

All of the previously described calculations are derived from the multiband effective
mass k - p model for a coherently strained structure, which is based upon the perturbation
approximation. In the k - p model, the interactions of S-P type coupling among conduction
(C), light-hole (LH), heavy-hole (HH), and spin-orbit (SO) states combined with spin-orbit
like coupling are taking into consideration to derive the band structures. This results in
an 8x8 k- p Hamiltonian and momentum matrix elements. Using the pertubation approx-
imation, a set of wave functions of Sy/2: |1/2,£1/2 >;; Psj: 13/2,£3/2 >, 13/2,£1/2 >;
and Py/y: |1/2,£1/2 > are used to represent the unperturbed and unstrained basis in the
|J,m; > presention?®. m; = +1/2 represents either the electron or LH states, while m; =
+3/2 denotes the HH or heavy particle states. A slightly simplified 6x6 k - p Hamiltonian
can be used to roughly predict the P-like properties of the coherently strained layers by con-
sidering the S-like conduction band states as a pertubation, if a large enough bandgap exists,
like in InGaAs and GaAs layers. The wave functions of the coherently strained superlattice

at the zone center (k=0) are given by?*

|3/2,+3/2 > HHstates (13)

v13/2,£1/2 > + B|1/2,+£1/2 > LHstates (14)

-B13/2,£1/2 > + ~|1/2,£1/2 > SOstates (15)
-8-




where v and 3 are constants which are dependent on the strain parameters. Note that the
heavy-hole states, |3/2,43/2 >, are still decoupled from the other valence band states even
under biaxial stress at the zone center, while the light-hole and spin-orbit split off states
are coupled at k=0. However, the HH, LH, and SO states are mixed?>?® in the coherently
strained superlattice at off zone center (k#0). This mixing between the states with different
m;’s is due to the boundary conditions across the interface of the quantum well layers. By
examining the k - p matrix, we can see that the interaction between the different m; states
is proportional to the transverse components of the wave vector, k; 4, so that the HH states
are decoupled when k;,=0. It is interesting to note that the k;,’s are conserved across
the interfaces since the interface potential depends only on z, the quantum well growth
direction. Thus the band mixing can be significant if the I-bandgap is small, like with GaAs

and InGaAs, and if the LH and SO bands involved in the transition have a large k, value?®.

Since the heavy hole and light hole valence subbands are non-degenerate following the
introduction of strain into the QWIP structure, a simpler method can be used to determine
the energies of the subbands. By using the parabolic band approximation near the valence
band zone-center, and the energy band shifts for the conduction band minimum, heavy hole
subband maximum, and light hole subband maximum, we can utilize the simpler two-band
Hamiltonian for electrons just by finding the effective mass of the carriers (i.e., heavy hole
effective mass and light hole effective mass) and the barrier heights for each carrier type.
Although this does not simultaneously determine the energy levels of both carriers, it does
allow accurate predictions of the energy subbands. When compared to the direct calculation
of the energy subbands, the two-band approximation yields accurate results when compared
to the direct calculation results!®'® (see also figures 1(a)-1(c)). One limitation of the TMM
is that this method cannot calculate the energy levels of the allowed energy subbands in
the continuum states. In order to determine the transition energy from the ground state to
the continuous state, we used the Kronig-Penney model to determine the locations of the
allowed energy bands in the continuum states.

As can be seen in figures 1(b) and 1(c), the influence of strain on the relative positions
of the heavy hole (HH) and light hole (LH) subbands is apparent. When a biaxial internal
tension is applied to the well material (in this case Gag 7Ing3As on an InP substrate with the

barrier layers consisting of lattice matched Alg4sIngs2As), the strain pulls the LH subbands




up with respect to the HH subbands for a given well thickness. While quantum confinement
effects tend to push the LH subbands down with respect to the HH subbands. As the well
width is increased above a certain value, the strain effect can overcome the quantum con-
finement effect and therefore induce the inversion of the heavy hole and light hole subbands
at the ground state. In contrast, with the application of compressional strain on the well
layers, as we see in the Ing 4Gag¢As/GaAs quantum well structure, the strain pushes the LH

subbands down with respect to the HH subbands for a given well thickness.

2.2.1.4 The Transfer Matrix Method for the Calculation of Transmission Probability

The transfer matrix method (TMM) 32 allows the calculation of the transmission prob-
ability through a superlattice. Like any typical quantum mechanical barrier or well, the
carrier conduction in each layer of the superlattice consists of the superposition of two com-

ponents propagating forwards and backwards. The complete wave fuction can be expressed

as
v = 1/)?'6"'“"'6"\‘ + gbi_e_k‘e*'A‘ (16)

where

Al = A2 = 0

A; = ki(dy+ds+---+d;

t = 3,4,---,N
2m; 1/2
= [P

where 1 and v represent the magnitudes of the wave functions propagating in the forward,
or +z direction and the backwards, or —z direction, respectively. While N is the number of
periods in the superlattice, d; is the thickness of the i-th layer in the superlattice, m} is the
effective mass of the particle in the i-th superlattice layer, and E; is the potential energy of
the i-th layer. Since the wave function ,3, and it’s derivative, di/dz, are continuous at the

boundaries, the wave functions then become

OF = (7, +rie™ Y, )/t (17)
1/)‘— - (7‘,‘6“‘ i-t-l-l + C"&lﬁ;l)/ti- (18)
-10 -




The recurrence relationship of the wave functions can be written in matrix form as

WP L[ e e Bl (19)
¢:— ti T ez&,' ei&,- I/)t_-}-l
where at normal incidence
ki — kit
;= — 20
Tt e (20)
2k;
ti= ——rm——o, 21
ki + kipa 2D
and
8 = kid;. (22)

Which gives us the following form for determining the N 4 1-th wave functions

+ + + +
'/"_ =S| 77 | =55, ’/’i =58;- Sy ’”J_V“ ,
¥ ¥; ¥;3 VN4

—_

23)

given that
1 [ e re s
Si=_ : : . (24)
t; 7‘,’6'6‘ 616;

Since there is no backwards, or in the —z direction, propagation in the N + 1-th layer,
the magnitude of the wave function ¥y, = 0. Then we can find the ¥} term of E;, in the
i-th layer (1 = 2,3,4,---, N+1).

Hf we determine the quantity, ¥} /47, as a function of E;, then we will know the locations

of the resonant peaks. The transmission probability can then be given as

24

i

2

IT-T| = . (25)

2.2.1.5 Determination of Intersubband Transistions and Absorption Coefficients

In addition to the energy level and energy band locations, the calculation of inter-
subband and interband transitions are also of great interest. In order to determine the
intersubband and interband transitions in a p-type strained layer QWIP, the usage of the

6x6 Hamiltonian which includes the previously mentioned k - p Hamiltonian'®¢-1724 and the

-11 -




strain Hamiltonian!®. Since the strain and the pin-orbit coupling terms do not life the spin
degeneracy, the 6 x6 Hamiltonian matrix can then be factorized into two 3 x3 irreducible ma-
trices. The assumption that the Fermi distribution function if equal to one for the confined
ground state and is equal to zero for the excited states in equilibrium is used to simplify
the calculation without loss of accuracy. The absorption coefficient for the intersubband or
interband transition between the initial ground state, 7, and the final continuum state, f, is

given by?’

_ 4rie? 2dk . . o g2 r/2r
)= 2 i o o L= 200 Pl i) @

where n, is the refractive index in the quantum well, m, is the free electron mass, Ay is
the energy difference between the initial ground state, 7, of energy E;(k) and the final state,
f, with the corresponding energy of E¢(k). € and w are the unit polarization vector and
the frequency of the incident IR radiation, respectively, f; and f; are the Fermi distribution
functions of the initial and final states, and I is the full width of level broadening. T ~ % /75,
where 7;; is the lifetime between the initial, 7, and final, f, states. |é- P; | are the optical
transition elements between the quantum well valence subband ground states, i, and the
continuum subband states, f, in the HH, LH, and SO bands; which can be derived from the

two 3x3 k - p matrix elements as shown below.

Using the following 3x3 optical matrix,

Tun Tur Tus
m,

a Tor Tir Tis | (27)

Tsu Tsp Tss

the optical matrix elements, |é - P; |, can be obtained. These matrix elements have the
same form as the k - p matrix elements except that the k;k;’s are replaced with k;e; + kje;

multiplied by a constant factor of m,/k.2” The T};’s are defined as follows:

Tuag = 2(A— B)ek, + (2A + B)(esks + €4ky), (28)
T = 2(A+ B)ek, + (24 — B)(e.ks + €,ky), (29)
Tss = 2A(ek: + e,ky + €:k,) (30)

1
Ty, = i%N(ez cos 1 — €,sinn)k, — igNezk”

-192 -




-—\/§B(e,k, — €yky) cos x
1
+——§N(ezky + € k) sin x, (31)

V3

1
Tys = %N(ez cosn + €, sinn)k, + %Nezk”

+iv6B(esk, — €,k,) cos x

—%N(ezky + €,k;) sin x, (32)
. 1 .

Tis = |i2v2Be, + ﬁNGz cos(x — 1) — € sin(x — )| k.

—iV2B(e ks + €,k,)

—%Nezk” cos(x — 27), (33)
Tsu = Tgs, (34)
Tsy = Tig, (35)
Tiw = T (36)

Here A, B, N, x,n are inverse mass band parameters.?”

2.2.1.6 Photoconductive Detection Mode Operation

Most QWIPs reported in the literature are operated in the photoconductive (PC) mode,
which is dependent on an externally applied bias. So far, the p-QWIPs which we have studied
have all been operated in the PC mode.

When IR radiation is incident on a photoconductor it exhibits a change in resistance,
ARy. This change in resistance is due to the photo-excitation of carriers, forming mobile
excess carriers in the photoconductor. The photogenerated carriers, An, can be expressed

as

_ nAdT,
7

where, 7, is the quantum efficiency, A® is the incident photon flux, 71, is the excess carrier

An

(37)

lifetime, and Vj is the volume of the detector. These photogenerated carriers are transported
out of the detected under the influence of the applied external bias, which results in a
photovoltage signal. The change in the output photovoltage, AV,, due to the resistance

change is given by

VaRLAR,

AV, = ———,
(RL + Rd)2

(38)
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where Ry, is the load resistance and its value is chosen to be about equal to R4, the detector

resistance, to match loads and optimize the output signal.

2.2.2 P-QWIP Figures of Merit

Although our band structure and absorption calculations can be used to determine the
positions of the subbands in the quantum wells, and hence determine the peak absorption
wavelength of the QWIP, many other factors must be taken into account to create a successful
detector. Generally, for a useful detector, the responsivity must be high, while the noise

current, and therefore dark current, must be low.

2.2.2.1 Spectral Responsivity

The responsivity, R, for a photodetector may be expressed as'®

_9n a4
k= he G= hy1e (39)

where ¢ is the electronic charge, A is the wavelength of the incident photon, A is the Planck
constant, ¢ is the speed of light, 5 is the quantum efficiency, 7. is the collection efficiency,
v is the incident frequency, and the photoconductive gain is G. The quantum efficiency and

photoconductive gain are described, respectively, by*®

n=A(1-R)[1 - exp(~Baly)] (40)
L (41)

c

where A is a constant that is polarization dependent, « is the absorption coefficient of the
quantum well, I, is the total width of all quantum well regions, L is the mean free path
of the carrier, R is the reflection coefficient, and ¢. is the total width of all quantum well
and barrier regions. B is a constant dependent on the number of passes IR radiation makes
through the photodetector. For n-type QWIPs, A=0.5, while for p-type QWIPs A=1. The

mean free path of the carrier may be expressed as'®
L=1Twpsk, (42)

where 7 is the well recapture lifetime of the carrier, Ty, is the transmission coefficient over

the quantum well, y.s; is the effective mobility of the carrier, and E is the electric field. The
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effective mobility for a two-band transport model is shown to be!®

Apunpin + Aprntenn
Apy, + Apps

where Ap;, and Apy, are the concentrations of optically induced heavy and light hole carriers

Hefs = (43)

respectively, and ppp and pyp are the respective heavy and light hole mobilities. When only
the ground state is completely occupied, either Apy or Apgs, the optically induced light
holes or the optically induced heavy holes dominate, so that we may estimate p.5 as the

in-plane effective mass of the ground state carriers.

2.2.2.2 QWIP Collection Efficiency

A figure of merit that is easily quantified by simple measurements is the collection
efficiency, 7.. The collection efliciency describes the ease in which the energy from the
incident photon flux is converted into mobile carriers which are swept out of the QWIP and
collected; and is defined as the product of the quantum efficiency ,v, and the photoconductive
gain, G.

ne =nG (44)

In addition to being expressed as the mean free path over the total width of the quantum
wells and barriers, G can be viewed as the ratio of the carrier transport lifetime, 71, to the
transit time, 77, through the QWIP. Empirically, the photoconductive gain can be described

in terms of the capture or trapping probability, p.,34~3¢

(45)
and N is the free carrier density.

Physically, the trapping probability is defined as the ratio of the escape time from the
well region to the lifetime of the excited carriers from the confined ground state. If the
excited states are in resonance with the top of the barrier potential energy, then the escape
time will be greatly reduced, which minimizes the trapping probability and maximizes the

photoconductive gain.

An approximate expression for v, can be expressed as follows with the caveat that the
expression only works if Bal,, < 1 and p. < 1.

e = A(1= B[l -exp(~Balp)) (46)
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~ A(1—R) %%’—qﬂ. (47)

c

2.2.2.3 Dark Current Relationships in QWIPs

Another important parameter to be considered in a QWIP design is the dark current
density (J;), which is expressed using the Richardson-Dushman equation’*

Ji o< T?*m*exp (#) , (48)

where m* is the effective mass, AFE is the difference in energy between the barrier height
and the quantum confined state in the well, k is the Boltzmann constant, and T is the
temperature. This type of expression assumes that the dominant source of dark current is

thermionic emisson over the quantum well barrier.

In the low-field regime, the thermionic emission current is related to the density of

mobile carriers, n; and the average drift velocity, v4. It can be expressed as®”
Ith = eAdvdnt, (49)

where Ay is the active detector area, e is the electronic charge, and

vg = o 50
[1+ (pe/vs) 2] Y 30)
ng = (m*kT/rh’L)exp[— (Ecs — Ep) [keT). (51)

In these relationships, g is the mobility, € is the electric field, v, is the saturation velocity, E.s
is the cut-off energy related to the cut-off wavelength A, and m*/7wh? is the two-dimensional

density of states. The Fermi energy, Er, can be obtained as

m*kgT Er - E,
Np = o Zln [1 + exp < nT )] (52)
m*
N —oT > (Er—E,), (53)

with the understanding that the exact expression for Np is valid when summed over the
subband levels E, below the Fermi level, and the approximate expression is only valid at

cryogenic temperatures.
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Using the previous result in the cryogenic temperature range, we see that the dark
current due to thermionic emission is exponentially proportional to the doping concentration

in the quantum well, as expressed below,
Er Np
I — —
+h O €XP EaT X exp T (54)

So as the doping density in the quantum well increases, the dark current density due to
thermionic emission increases exponentially. In contrast to this, the intersubband absorption
is directly proportional to the dopin concentration. Therefore, a tradeoff between dark

current density and intersubband absorption is required to optimize QWIP performance.

2.2.2.4 Noise in QWIPs

The noise in QWIP structures is mainly due to random fluctuations of thermally excited

carriers. The noise is expressed as®

tnoise = V 4AquAde, (55)

where A; is the detector area, and Af is the bandwidth. Finally, a figure of merit measure-

ment used to compare detectors is the detectivity, D*, which is shown to be!?

D* = /AAf (56)

noise

If the dark current in a particular QWIP is lower than the 300 K background pho-
tocurrent, then the QWIP can be considered to be under background limited performance
(BLIP). In a BLIP limited QWIP, the dominant current is due to photon noise, since all
the other sources are negligible by comparison. The photon noise is calculated from the
arrival statistics of the incoherent photons. The background photon noise current, i, is
given by?0:2

iz, = 4A¢’ng* P, B/ (hv), (57)

where P is the incident background optical power, B is the QWIP bandwidth, 5 is the ab-
sorption quantum efficiency, v is the incident photon frequency, and g is the photoconductive

gain. The photocurrent, I, can be approximated by

I, = A(q/hv)ngP,, (58)
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where P, is the incident optical signal power. The constant, A, in Eqgs. (46), (47), (57),
and (58), is due to the polarization selectivity for n-type QWIPs versus p-type QWIPs. As

previously stated, for n-type QWIPs, A = 0.5, while A = 1 for p-type QWIPs. By setting
the signal-to-noise power ratio equal to unity, the background limited noise equivalent power,

(NEP)pgip and the detectivity, D}, ;p, can be expressed as follows for n-type QWIPs.

(NEP)BLIP = 2\/2hl/BPb/'I7 (59)

A n 1/2
D%, p = VAIB/(NEP)pLip = —2 —) , 60
BLIP 4B/( )BLIP 2 /3he (Qb (60)

where A; is the active area of the detector, and @, = P;/(Ahv) is the incident photon flux
from the background for a given spectral bandwidth, Av, and a peak wavelength, A,. @ is

defined as ,
2 vAv ., (6
where, 0, is the field of view (FOV). For a p-type QWIP, a factor of v/2 is used in the

denominator of Eq. (60), Dj;;p, since it can absorb both optical polarizations of the incident

IR radiation.

2.3 Characterization of Strained Layer P-QWIPs

2.3.1 An Ing 4GagsAs/GaAs on GaAs P-QWIP with compressional strain
Unlike the Ing3Gag.7As/Ing 52Alp48As on InP P-QWIP with tensile strain between the

layers; which was reported on through the two previous semi-annual reports, a normal inci-
dence Ing 4GagsAs/GaAs on GaAs P-QWIP was designed for two color detection in the 3-5
pm MWIR and 8-14 ym LWIR bands. With this device, we have demonstrated two color
detection in p-type strained-layer QWIPs for the first time.

The p-type compressively strained Ing,GagcAs/GaAs QWIP was grown on a semi-
insulating (SI) GaAs substrate via molecular beam epitaxy (MBE). This QWIP structure
consists of 20 periods of 40 A Ing4GaggAs quantum well Be-doped to a density of 4x10'®
cm™3 separated by a 350 A wide barrier layer of undoped GaAs. A 0.3 pm cap layer and
a 1.0 pm buffer layer of Be-doped GaAs with a dopant density of 5x10'® cm™ were grown

to serve as top and bottom ohmic contacts. The contact and barrier layers are lattice
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matched with the SI GaAs substrate, while the Ing 4GaggAs quantum well layers are under
biaxial compression with a designed lattice mismatch of approximately 2.8%. Due to the
heavily doped large-bandgap contact layers of this P-QWIP, a large tunneling current from
the triangle potential near the ohmic contact region may be dominant with respect to the
QWIP’s dark current. Therefore a relatively thick (550 ;1) undoped GaAs barrier layer was

grown next to the top and bottom contact layers to reduce this dark current component.

To facilitate the characterization of this P-QWIP, a 200x200 xm? mesa structure was
created by wet chemical etching. An Au/Cr film was deposited onto the QWIP mesas and
the buffer layer via e-beam deposition with a thickness of approximately 1500 A for ohmic
contacts. The semi-insulating GaAs substrate was thinned down to approximately 50 ym
to lower the substrate absorption screening effect, and polished to a mirror-like surface to

reduce the reflection of the normal incidence IR radiation.

Figures 2(a) and 2(b) show the idealized energy band diagram and energy subband
states for the compressively strained P-QWIP. In this case, the intersubband transitions
are from the highly populated heavy hole ground state (Eggy) to the upper heavy hole
continuum states (Egys and Exns) for the 8.9 um LWIR detection peak and the 5.5 um
MWIR detection peak, respectively.

The mobility of the heavy-hole is enhanced by the compressive strain in the Ing 4GaggAs
quantum well due to the reduction of heavy hole effective mass by a factor of three3!. Another
effect attributed to the compressional strain localized in the quantum well is the decrease
of the density of states in the well. This causes more heavy holes to reside in higher energy
states, which effectively raises the Fermi level when compared with the same unstrained
quantum well. The raised Fermi level will cause an increase in the number of off-center
(i.e, k # 0) free heavy holes with lighter effective mass; which in turn causes a larger
intersubband absorption when exposed to normal incidence IR radiation. Our InGaAs /GaAs
compressional strain P-QWIP has its heavy holes in type-I band alignment, while the light
holes are in the type-II band configuration. The binary GaAs layer used as the barrier layer
should also exhibit superior current transport characterisitics when compared to a ternary
barrier. Finally, the heavy hole excited continuum states are resonantly lined up with the
light hole states; which gives rise to a strong quantum coupling effect. This resonant lined

up effect makes the conducting holes behave like light holes. These resonant heavy holes
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exhibit high mobilities, small effective masses, and long mean free paths. Therefore, larger
photoconductive gain and higher photoconductivity are expected for a compressively strained

P-QWIP when compared with an unstrained one.

When compared with the Ing3Gag7As/Ings2Alp4sAs tensile strain P-QWIP and the
new InGaAs/AlGaAs compressive strain P-QWIP, the measured dark current at various
temperatures is much higher. This device also exhibits an asymmetrical dark current char-
acteristic (figure 6), like the InGaAs/InAlAs tensile strain P-QWIP, which can be attributed
to the dopant migration effect which occurs during layer growth32. For a field of view (FOV)
of 90° the InGaAs/GaAs compressionally strained P-QWIP is under background limited
performance (BLIP) at V, =03V, T=70K and V, = 0.7V, T = 55 K.

The responsivity of this QWIP was measured under normal incidence illumination as
a function of temperature, applied bias, and incident IR wavelength using a blackbody
radiation source and automatic PC-controlled single grating monochrometer system. Twin
LWIR peaks were detected at A\;; = 8.9 pm and A,; = 8.4 pm as shown in figure 3(a). A
single MWIR peak was discovered at A,3 = 5.5 pm as seen in figure 3(b). At each peak
wavelength, responsivities were measured as 24 mA/W at V, = 0.3 V and 45 mA/W at V,
= 0.7V for T < 75 K. The twin LWIR peaks covered a broad wavelength band ranging
from 6.5 to 12 pm. The cut-off wavelength for the LWIR band was found to be A, &~ 10 pm,
which corresponds to a spectral bandwidth of AX/), = 35 %. The twin peak wavelengths are
attributed to the intersubband transition from the confined ground heavy hole state (Egz)
to the continuum heavy hole states (Egps), which is resonantly lined up with the type-II light
hole continuum states. The transition energies for the 8.9 ym and 8.4 ym peak wavelengths
are in reasonable agreement with our theoretical calculations. While the physical origins of
the twin LWIR peaks is not clear, a possible explanation can be given as follows. When
the HH and LH bands in the continuum are strongly mixed, either individual subband can
further split into two sub-subbands due to coupling or interaction, with one shifting up in
energy and the other shifting down in energy. This gives rise to the observed twin detection
peaks in the LWIR band. The MWIR peak observed at 5.5 um had a wavelength bandwidth
ranging from 4 to 6.5 pm. The measured responsivities of the MWIR band were found to
be 7 mA/W and 13 mA/W at V, = 0.3, 0.7 V and T = 75 K, respectively. The spectral
bandwidth of AX/A,3 = 27 % was obtained with the cut-off wavelength at A. = 6 pm. The
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MWIR detection is attributed to the intersubband transition between the ground heavy hole
state (Egpy1) and the upper continuum heavy hole state (Egz4). In this case, no mixing or
interaction between the HH and LH subbands was observed. A probable explanation is that

the weak overlap interaction at higher subband levels prevents the sub-subband formation.

Responsivities for this compressively strained P-QWIP were measured at T = 75 K,
and the results are shown in figures 4 and 5. The responsivity of the twin peak (either A\,
= 8.9 pm or A,z = 8.4 um) LWIR band increases almost linearly with bias voltage for V, >
-1.6 V and V; < 4+1.2 V. A similar photoresponse was obtained for the detective peak at Ap3
= 5.5 pm, as shown in figure 9(b). The gain has a maximum value of 0.13 at V, = 1.6 V.
The linear photoresponse exhibited by this device is due to the photoconductive gain which
varies linearly with bias. The maximum gain, G = 0.13, is the highest value ever reported

in a P-QWIP.

2.3.2 An InGaAs/AlGaAs on GaAs P-QWIP with compressive strain layers
A new compressively strained p-QWIP loosely based on the InGaAs/GaAs on SI GaAs

was designed using the InGaAs/AlGaAs system for the quantum well/barrier structures,
which was grown on semi-insulating GaAs. With this new structure, we have demonstrated
the continued viability and flexibility of the p-type compressive strain QWIP system. This
structure exhibits the lowest dark current obtained with a p-type compressive strain QWIP

to date, and exhibits excellent uniformity with respect to staring focal plane array use.

The new p-type compressively strained QWIP was grown on a semi-insulating GaAs
substrate by molecular beam epitaxy. This QWIP consists of 20 periods of In(y =~ 0.2)GaAs
quantum wells of roughly 40 A in width p-doped to a density of approximately 2 x 108
cm™3, seperated by approximately 500 A wide undoped Al(x = 0.15)GaAs barriers. A 0.3
pm cap layer and a 1.0 gm buffer layer of p-doped AlGaAs with a dopant density of 5 x 108

cm—18

were also grown to serve as top and bottom ohmic contacts. The contact and barrier
layers are roughly lattice matched to the SI GaAs substrate so that the InGaAs quantum
wells are in biaxial compression with a designed lattice mismatch of nearly -1.4 %. Since
the top and bottom contact layers are formed from heavily doped, large bandgap materials,
a large tunneling current from the triangle potential near these ohmic contact regions may

dominate the dark current of the QWIP. Therefore, rather thick undoped barrier layers
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of AlGaAs were grown between the contact layers and the QWIP structure to reduce this
component of the dark current. A schematic diagram of this structure is shown in figure 7.
The LWIR hole transistion after absorption was designed to be from the heavy hole ground
state (HH1) to the third heavy hole state (HH3), which is is resonance with the AlGaAs
barrier. The MWIR transistion is speculated to arise from the same heavy hole ground state

to the next higher (HH4) extended state.
Again, to facilitate the characterization of this compressively strained p-QWIP, a 200

x 200 pm? mesa was etched onto the wafer by wet chemical etching. After patterning via a
contact mask, a thin film of approximately 1200 A of Au/Cr was deposited onto the mesa
top contact and bottom buffer contact layers via e-beam deposition at a relatively slow rate
for ohmic contacts. For this sample, the semi-insulating GaAs substrate was not thinned
for ease of handling and simplification of the processing steps. Although this does lower the
effective quantum efficiency of the device, by only letting the incident radiation have one
pass through the quantum well layers. Futher studies will utilize the backside thinning and
a reflective top contact to enhance the effective quantum efficiency and therefore improve
the p-QWIP’s performace.

Figure 8 shows the dark current characteristic of the InGaAs/AlGaAs compressively
strained p-QWIP. When compared with the dark current characterics of the previous com-
pressively strained p-QWIP with a LWIR peak at A = 8.9 um, at similar device temperatures,
the dark current for the new p-QWIP is roughly two orders of magnitude lower (see also
figure 6). As can be clearly seen in this figure, the device is under background limited pho-
tocurrent (BLIP) conditions at temperatures of less than 63 K for applied biases of up to &
3 V with BLIP temperatures of up to 70 K possible at biases of lower than approximately
1 V. When compared with the dark current characteristic of the previously studied tensile
strain p-QWIP, the dark current in the compressively strained InGaAs/AlGaAs p-QWIP is
still higher. Like all of the previously studied p-QWIPs, the dark current characteristic is
slightly asymmetric. This can be attributed to the doping migration effect as which occurs
during layer growth, as previously explained®.

Again, in this p-QWIP, the mobility of the heavy-holes are enhanced by the compressive
strain in the InGaAs quantum well due to the reduction of the heavy hole effective mass by

a factor of three3!. Another effect that is attributed to the compressional strain localized in
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the quantum well layer is the decrease in the density of states in the well. This phenomenon
causes more heavy holes to reside in higher energy states, the net effect of which is to raise
the Fermi level inside the quantum well when compared to the unstrained state. This effect
not only causes an increase in the number of off-center (k # 0) free heavy holes with lighter
effective mass, which in turn causes a larger intersubband absorption when exposed to normal
incidence IR radiation; but it also reduces the effective doping needed in the quantum well,

so that the dark current is similarly reduced.

The responsivity of this p-QWIP was measured under normal incidence illumination
as a function of temperature, applied bias, and incident IR radiation by using a blackbody
radiation source running through an automatic PC-controlled single grating monochrometer
with the appropriate filters attached. A single LWIR peak was detected at A\, = 7.4 um at
liquid nitrogen (LN;) temperatures (T = 77 K) and under an applied bias of 5 V, as shown in
ﬁguré 10. A single MWIR peak was discovered at A, = 5.5 pm under the same conditions as
previously mentioned, and is shown in figure 12. The respective responsivities for the LWIR
and MWIR peaks were found to be 38 mA/W and 8 mA/W. The LWIR band is rather broad
as illustrated in figure 10, with a cut-off wavelength of A\, & 10 gm, which corresponds to
a half-peak spectral bandwidth of AA/A, = 30 %. The asymmetrical responsivity around
the spectral peak is attributed to the long-pass filter characteristic, which has a cut-on at
A = 6.7 pm. In figure 9, we see the peak responsivity measured as a function of bias and
device temperature. As clearly seen in this figure, the responsivity is linearly proportional
to the applied bias and that the variation with temperature is minimal. The MWIR peak
at A, = 5.5 pm has an approximate wavelength bandwidth ranging from 4 to 6.5 pm, whic
overlaps with the expected bandwidth of the 7.4 ym peak. For a cut-off wavelength of 6 pm,
a spectral bandwidth of AA/)\, = 27 % was obtained. Again, the responsivity as a function

of bias was measured and a linear relation was found.

2.4 Conclusion and Remarks

Over the last half-year period, we have achieved a greater understanding in regards to
the design and characterization of P-QWIPs. We previously demonstrated a novel strained-
layer design that utilizes biaxial tension on an InP substrate with ultra-low dark current,

high detectivity, high responsivity, and BLIP operation. We have also demonstrated a re-

-923 -




liable, novel compressively strained-layer design on a GaAs substrate with two color BLIP
operation in the MWIR and LWIR bands, high detectivity, high responsivity, and high gain.
The current p-QWIP under investigation can be characterized as a reliable evolution of the
previous compressively strained p-QWIP with lower dark current and similar spectral char-
acteristics, albeit at a shorter wavelength; but again with two-color detection in the LWIR
and MWIR bands. Efforts are being made to maintain the dark current levels at their current
low values or even lower them while extending the detective peaks of the p-QWIPs further

into the LWIR band, near the 10 ym range.
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Device Ap Responsitivity | Dark Current
(strain) pm (mA/W) (A)QT7TK,1V
InGaAs/InAlAs | 8.1 18 5 x 1078 A/cm?
(tensile)

InGaAs/GaAs | 8.9, 8.4, 5.5 | 45 1 x 105
(compressive)

InGaAs/AlGaAs | 7.4, 5.5 38 5 x 1078
(compressive)

Table 1. Comparison of the strained layer p-QWIPs studied so far.
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Well width (A)

(c)

unstrained band calculations (b) and the strain-layer band calculations (c).
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Figure 2: Schematic of the compressive strain layer InGaAs/GaAs on GaAs p-QWIP (a)

and the strain-layer energy band calculations (b).
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Figure 3: Measured responsivities in the LWIR band (a) and the MWIR band (b) for the

InGaAs/GaAs PCSL-QWIP.
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Figure 4: Measured responsivity of the InGaAs/GaAs PCSL-QWIP as a function of applied

bias for A, = 8.9 pm.
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Figure 5: Measured responsivity of the InGaAs/GaAs PCSL-QWIP as a function of applied

bias for A, = 5.5 ym.
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Figure 6: Measured dark current for the InGaAs/GaAs PCSL-QWIP as a function of applied

bias and device temperature.

-34 -




InGaAs AlGaAs
HH band
HH1
E
F
HH2 HH Continuum
Subbands

HH4

Figure 7: Schematic of the InGaAs/AlGaAs on GaAs p-QWIP.
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Figure 8: Measured dark current for the InGaAs/AlGaAs PCSL-QWIP as a function of

applied bias and device temperature with the 300 K background photocurrent superimposed.
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the InGaAs/AlGaAs PCSL-QWIP at A\, = 7.4 um.
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Figure 10: Calculated responsivity as a function of incident radiation wavelength in the

LWIR band.
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Figure 11: Measured responsivity as a function of applied bias of the InGaAs/AlGaAs PCSL-

QWIP at A\, = 5.5 um.
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Figure 12: Calculated responsivity as a function of incident radiation wavelength in the

MWIR band.
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